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Layered van-der-Waals 2D magnetic materials are of great interest in fundamental condensed-
matter physics research, as well as for potential applications in spintronics and device physics. We
present neutron powder diffraction data using new ultra-high-pressure techniques to measure the
magnetic structure of Mott-insulating 2D honeycomb antiferromagnet FePS3 at pressures up to
183 kbar and temperatures down to 80 K. These data are complemented by high-pressure mag-
netometry and reverse Monte Carlo modeling of the spin configurations. As pressure is applied,
the previously-measured ambient-pressure magnetic order switches from an antiferromagnetic to a
ferromagnetic interplanar interaction, and from 2D-like to 3D-like character. The overall antifer-
romagnetic structure within the ab planes, ferromagnetic chains antiferromagnetically coupled, is
preserved, but the magnetic propagation vector is altered from (0 1 1
2
) to (0 1 0), a halving of the
magnetic unit cell size. At higher pressures, coincident with the second structural transition and
the insulator-metal transition in this compound, we observe a suppression of this long-range-order
and emergence of a form of magnetic short-range order which survives above room temperature.
Reverse Monte Carlo fitting suggests this phase to be a short-ranged version of the original ambient
pressure structure - with a return to antiferromagnetic interplanar correlations. The persistence
of magnetism well into the HP-II metallic state is an observation in seeming contradiction with
previous x-ray spectroscopy results which suggest a spin-crossover transition.
INTRODUCTION
The study of low-dimensional magnetism has long
been of great interest in fundamental condensed mat-
ter physics and has led to numerous applications. Lay-
ered magnetic van-der-Waals materials - compounds with
planes of magnetic ions separated by wide van-der-Waals
bonded gaps - provide a wide assortment of ideal systems
for investigating 2D magnetism. A particularly powerful
approach to investigating the physics in low-dimensional
magnetic systems is to tune the interactions and dimen-
sionality of the lattice and to explore how the magnetic
and electronic behaviours of the material evolve. A large
volume of recent work has focused on thickness control, to
tune towards the ‘true 2D’ limit of the atomic monolayer
[1–5], with many interesting results. A complementary,
and critical, approach is to tune the magnetic interac-
tions from 2D to 3D by applying hydrostatic pressure - in
a van-der-Waals material, applying pressure will predom-
inantly compress the weakly bonded interplanar separa-
tion and push the lattice towards a 3D character. This
can be viewed as moving from the ‘quasi-2D’ starting
point in the opposite direction to a thickness dependence
study, and addresses the same fundamental physics ques-
tions. Both approaches are needed for a full understand-
ing of dimensionality in these fascinating systems to be
accomplished. The use of pressure as a tuning parameter
unlocks a cleaner and more controllable approach to map
complete phase diagrams than methods such as chemical
substitution or uniaxial strains.
The group of van-der-Waals (vdW) antiferromagnets
TMPS3 [8–12], with TM a first-row transition metal,
have been studied for some time as near-ideal 2D mag-
netic systems [7, 13–27]. These compounds were first dis-
covered in the 1890’s and rigorously reported on in the
1980’s [6, 28–34]. They all share the same basic crystal
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2Figure 1. Crystal and magnetic structures of ambient pressure FePS3. a) The monoclinic C2/m crystal structure [6]. b) The
magnetic cell of FePS3 with the ambient-pressure (0 1
1
2
) propagation vector - overall antiferromagnetic order comprised of
zigzag chains along a, antiferromagnetically coupled to their neighbours and between the crystal planes [7]. c) The magnetic
unit cell with (0 1 0) propagation vector, where planes are instead ferromagnetically aligned.
structure, shown in Fig 1 - a C2/m monoclinic cell with a
honeycomb arrangement of metal ions. These magnetic
sites are arranged in slightly distorted hexagons in the
ab plane, separated by wide vdW gaps along the c axis.
Inter-site exchange both within the crystal planes and be-
tween layers is mediated through P2S6 clusters surround-
ing the metal honeycombs, and there is significant com-
petition between several exchange interactions of compa-
rable strengths. Substituting the TM2+ ion across the
family leads to a wide variety of different magnetic order
types and anisotropies, while keeping the same crystal
structure, allowing clear and clean comparisons of, for
example, Heisenberg versus Ising magnetic Hamiltonians
in the 2D limit.
In recent years we have conducted a range of studies
into the structural and transport properties of FePS3,
VPS3, NiPS3 and MnPS3 under pressure [35–39]. This
work has revealed two structural transitions with in-
creasing pressure common to all these materials, a shear
motion of the ab planes along the a axis which brings
the β unit cell angle to close to 90° while remaining a
monoclinic phase (structure HP-I), and then at higher
pressures a collapse of the inter-planar separation and
a transition to a trigonal symmetry group (HP-II) [35].
In FePS3, the HP-I to HP-II structural transition is ac-
companied by an insulator-metal transition as electron
overlap and hopping are greatly enhanced. This tran-
sition is a clear move from 2D towards a 3D character,
as well as a change in the symmetry of the lattice, and
can reasonably be expected to have a significant effect
on the magnetism in this material. In the sister com-
pound FePSe3, continuing to increase pressure following
the insulator-metal transition leads to the formation of a
superconducting phase [40] from the Mott-insulating 2D
antiferromagnetic ambient state.
FePS3 is an Ising antiferromagnet with a Ne´el temper-
ature TN of around 118 K [13]. Fig. 1.b shows the es-
tablished ambient-pressure magnetic structure [7, 14] in
the antiferromagnetic state. Zig-zag ferromagnetic chains
with moments along c∗ are formed along a, ordered an-
tiferromagnetically with their in-plane and interplane
neighbours - magnetic propagation vector (0 1 12 ). How-
ever, the mere act of grinding a powder sample appears
to introduce enough dislocations and stacking faults to
3essentially randomise long-range order along c∗, resulting
in rod-like features in neutron diffraction patterns paral-
lel to the c∗ axis and centred at the (0 1 0) propagation
vector [7, 20]. Single-crystal data do not display this be-
haviour, but rather a sharp, long-ranged 3D Bragg peak
[7]. A propagation vector of (0 1 0) corresponds to much
the same magnetic structure as the (0 1 12 ), but with the
planes ferromagnetically coupled, as shown in Fig. 1.c.
In this work we report the first high-pressure study of
the magnetic structure in the TMPS3 materials, through
powder neutron diffraction. The development of double-
toroidal sintered diamond anvils for the Paris-Edinburgh
high-pressure press have allowed for measurements to be
carried out above 100 kbar - we were able to observe the
evolution of the magnetic structure well into the metallic
HP-II phase of FePS3 up to 183 kbar.
METHODS
Powder neutron diffraction patterns were collected on
beamline D20 at the Institut Laue-Langevin, France [41].
Data were collected during two separate experiments.
The first used a Paris-Edinburgh type pressure cell press
with cubic boron nitride (cBN) anvils [42], ILL DOI: [43].
The second employed double-toroidal sintered diamond
anvils in the same press [44], to achieve significantly
higher pressure values - ILL DOI: [45]. A single-crystal
sample was ground into a fine powder in liquid nitrogen
and in an argon glovebox to mitigate preferred orienta-
tion and water uptake. This powder was packed into
the two halves of a Ti/Zr null scattering spherical gasket
[46] and this placed between the anvils. The powder was
wetted with 4:1 deuterated methanol/ethanol mixture to
serve as a hydrostatic pressure medium. For the first ex-
periment, a piece of lead was placed in the centre of the
sample volume to act as a pressure gauge via its equation
of state [47]. In the later experiment using sinterered dia-
mond anvils, no pressure gauge was used, as the pressure
dependence of the lattice parameters of the sample are
known (at room temperature) [35] and so the pressure
can be determined from the sample peak positions. The
position of the 0 0 1 peak was used for pressures up to
103 kbar, as this is highly sensitive to pressure, then the
1 3 1 at pressures beyond this, as this then becomes more
sensitive in the high-pressure structure. The pressures
measured in the first experiment were 0, 20, 49, 72 and
80 kbar, and in the second 33, 78, 103, 157 and 183 kbar.
Typical uncertainty on pressure values is a few kbar. All
pressure changes were made above 300 K, then the cell
cooled to 80 K and data taken at this base temperature
and during warming, under constant load.
The wavelength of neutrons used was 2.42 A˚, via a
graphite monochromator. Peaks in the neutron diffrac-
tion patterns originating from the anvils used, and the
Pb manometer when present, were seen in addition to
the sample signals. The diamond peaks are easily identi-
fied as they do not noticeably shift with pressure. With
the diamond anvil measurements, a prominent peak at
around 72 degrees of 2θ was observed (removed from the
presented datasets), but also a series of peaks at smaller
Q. These did not move and hence must be attributed
to the diamonds or other external cell environment, and
could in fact be indexed as originating from diamond, but
with a wavelength of 1/3 that used in the measurement.
The peaks are extremely weak compared to the principal
diamond peak, so we conclude that a small weight of λ/3
neutrons were able to pass the graphite filter designed to
suppress λ/n wavelengths, and led to a measurable di-
amond diffraction pattern. These peaks are all marked
as ’Diamond’ in the presented data and can of course be
ignored.
Additional neutron powder diffraction measurements
at pressures up to 49 kbar were performed from 15 -
290 K on the DN-12 diffractometer, IBR-2 pulsed reac-
tor, JINR, Russia [48]. A powder sample of volume ap-
proximately 2 mm3 was loaded into a sapphire anvil high
pressure cell with culets of 4 mm diameter [49]. Spher-
ical cavities with a diameter of 2 mm were drilled at
the culet centers to encourage quasi-hydrostatic pressure
distribution at the sample surface. No pressure trans-
mitting medium was used. The diffraction patterns were
collected at scattering angles of 90° and 45° with resolu-
tion ∆d/d = 0.015 and 0.022, respectively. The pressure
was measured using the ruby fluorescence technique [50].
Pressure gradients were less than 10% with respect to
average pressure values. The diffraction patterns were
analysed by the Rietveld method using the Fullprof soft-
ware suite [51].
The DC magnetisation data were measured in an
MPMS SQUID magnetometer, Quantum Design, in an
applied field of 0.1 T. The pressure cell used was a piston-
cylinder clamp cell from Camcool Research Ltd, with
a Daphne oil pressure medium and a lead manometer.
Measurements were carried out to the maximum achiev-
able pressure of cells of this type - around 10 kbar. Higher
pressures would require a diamond anvil cell, where the
tiny sample volume precludes resolving the small signal
of an antiferromagnet like FePS3.
Reverse Monte Carlo fits were conducted in the Spin-
vert program [52, 53] to model short-range order in the
highest pressure data. A supercell of 10x10x10 unit cells
was used, and the previously solved HP-II crystal struc-
ture, with lattice parameters refined from the neutron
data collected at this pressure.
RESULTS
The initial effect of pressure on the antiferromagnetic
order in FePS3 is to raise the value of TN , as shown
in Fig. 2. The inset shows magnetisation curves mea-
sured under pressure around the antiferromagnetic tran-
sition - these are clearly and continuously shifted up-
wards in temperature as pressure is increased. TN was
extracted from differentiating these curves, and addition-
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Figure 2. Pressure-temperature phase diagram for FePS3 constructed from data found in this work and the structural results
from Ref [35]. Data points display extracted temperatures of magnetic transitions plotted against pressure. Blue circles show
values extracted from magnetisation measurements, red crosses and squares from integrating the magnetic peaks and features
in the neutron powder patterns from the ILL and JINR data respectively. Dashed lines delineating the AFM state are fits to
the datapoints; gradients are stated in the text. Vertical lines on the phase diagram designate the pressures at which structural
transitions occur. Inset shows normalised magnetisation data plotted against temperature for increasing pressures.
ally from integrated magnetic peak intensities of the neu-
tron diffraction patterns - these values are used to build
the temperature-pressure phase diagram shown in the
main figure. The value of TN increases linearly with
pressure, initially at a rate of 0.77 K.kbar−1. Pressure
pushes the crystal planes together and hence will allow
larger interlayer exchange, so it is consistent to see a
strengthening of the magnetic order and it stabilising at
higher temperatures. At approximately 20 kbar, there
appears to be a change of slope, and thereafter the rate
is reduced to 0.32 K.kbar−1. This pressure corresponds
to the value at which (at room temperature) the ambi-
ent pressure structure begins to (gradually) cross over
to the HP-I structure [35]. A stiffening of the rate of
change as the crystal enters the HP-I phase, which has
stronger interplanar coordination, is again consistent and
is reminiscent of the stiffening of vibrational modes seen
in V0.9PS3 [37]. At higher pressures above 100 kbar, as
will be discussed in the later sections, the magnetic order
takes on completely different forms and the linear trend
is no longer a valid description.
The ambient-pressure neutron powder diffraction pat-
terns, obtained within the cBN single toroidal cell, are
shown in Fig. 3 for temperatures of 300 K and 80 K (the
lowest temperature measured). The patterns have been
normalised and a diffuse background due predominantly
to the methanol-ethanol pressure medium has been sub-
tracted from each data set by fitting a cubic spline func-
tion to the data between peaks and features. Below TN
the magnetic peaks and features indexed and labeled in
green in the figure are seen to appear. These match the
form reported in previous work [7, 20]. A broad asym-
metric feature, indicative of order of a 2D nature, span-
ning 0 1 0 to 0 1 12 is the principal magnetic feature. An
additional peak at higher Q can be indexed either as the
1 2 0, corresponding to a combination of the magnetic
(0 1 0) with the nuclear (1 1 0) peaks, or as the 1 2 1¯2 , a
combination of (0 1 12 ) and (1 1 1¯) - these have extremely
similar d-spacings.
When pressure is applied, the magnetic structure
shows a clear change, as illustrated in the 78 kbar ex-
ample shown in Fig. 4. At this pressure FePS3 will be
in its HP-I structural phase, where the crystal planes
have sheared and β is close to 90 degrees. A single sharp
magnetic Bragg peak is observed at 0 1 0, replacing the
rod-like scattering observed at ambient pressure. A move
to a clear long-range magnetic order is consistent with
the expected driving towards a 3D nature of the crys-
tal. A (0 1 0) magnetic propagation vector means that,
as shown in Fig. 1, the magnetic unit cell is now halved
in volume, and the crystal planes coupled ferro-, rather
5Figure 3. Powder neutron diffraction patterns of FePS3 at ambient pressure at 80 K and 300 K taken on D20, ILL. Nuclear
and magnetic Bragg peaks are marked (magnetic in green) as indexed in the monoclinic LP phase. The magnetic propagation
vector at ambient pressure is (0 1 1
2
), but strain and stacking faults in the crystal due to grinding lead to 2D rod-like ordering
with vector (0 1 0), as described in Refs [7, 14, 20]. This causes the broad and asymmetric peak visible at small Q in the 80 K
data. An additional magnetic feature at higher Q can be indexed as the 1 2 0 and/or the 1 2 1¯
2
. The broad diffuse background
of the methanol-ethanol pressure medium has been subtracted from all plots shown. Inset shows the result of subtracting the
300 K data from the 80 K plotted against Q to reveal the solely magnetic signal.
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Figure 4. Powder neutron diffraction patterns of FePS3 at 78 kbar, at 80 K and 300 K taken on D20, ILL. Nuclear and magnetic
Bragg peaks are marked as indexed in the monoclinic HP-I phase, and peaks due to the diamond anvils are marked in orange.
The magnetic propagation vector is (0 1 0) and characterised by a sharp symmetric Bragg peak. Additional magnetic peaks are
seen at 1 2 0 ( (0 1 0) + (1 1 0)) and 2 1 0 ( (0 1 0) + (2 0 0)) from the combination of magnetic and nuclear scattering. Inset
shows the result of subtracting the 300 K data from the 80 K plotted against Q.
6Figure 5. Neutron diffraction patterns of FePS3, measured
at selected pressures up to 49 kbar at room temperature and
15 K. These data were taken in sapphire anvil cells at JINR,
Russia. Crosses show the experimental data and black solid
lines the results of refinements of the data by the Rietveld
method. In the ambient pressure data shown at the top, the
magnetic propagation vector is much more clearly (01 1
2
). This
is rapidly suppressed in favour of (0 1 0), with an additional
shoulder to the right of this peak suggestive of remnants of
2D-like ordering. Between 10 and 37 kbar, the 0 0 1 nuclear
Bragg peak clearly shifts due to the ambient - HP-I structural
transition.
than antiferro-magnetically. With the shear motion in
the ambient - HP-I structural transition it is reasonable
to expect changes to the inter-layer exchange pathways,
consistent with this result. Only a minor change in ex-
change pathways is required to make this change, as the
interlayer exchange under ambient pressure is very small
(and negative) [7] so could easily be driven to be small
and positive. This is additionally consistent with the ap-
pearance of the rod-like features centred at 0 1 0 in the
ambient pressure patterns upon grinding - if the inter-
layer exchange is sensitive to shear along the a axis and
can easily be flipped in sign, grinding the sample would
drive it to adopt a (010) propagation vector. Though the
literature [7, 20] had previously suggested stresses due to
grinding to be responsible for the breaking of long-ranged
order along c∗ and the reversal of some interplanar cor-
relations, it is only the combination of our studies of how
the structure and magnetic diffraction patterns evolve
with pressure that allow us to now evidence this effect,
and link these ideas together. The interplay of strain,
structure and magnetic order shown here is potentially
of great significance in the rapidly-growing field of het-
erostructure and device physics employing these mate-
rials, where strains are either an inescapable issue or a
powerful engineering opportunity.
Data taken in sapphire anvil cells at JINR, Russia show
more detail of the described low-pressure evolution of the
magnetic structure - Fig. 5. In these data, the ambient
pressure magnetic order is more clearly characterised by
the (0 1 12 ) propagation vector than in the data shown
in Fig. 3, with an almost symmetric 3D-like Bragg peak
at this position. This can be explained by less grinding
and shear strain during preparation of the sample than in
the data taken at ILL. Reitveld refinements of these data
yield a magnetic moment at ambient pressure of 5.40(5)
µB per Fe, in line with previously published results [14].
Between the 10 and 37 kbar datasets shown, the ambient
to HP-I structural transition occurs, shifting the position
of the 0 0 1 nuclear peak. Before this occurs, by 10 kbar,
the magnetic order at 01 12 has been suppressed in favour
of a growing peak at the 0 1 0 position, which reaches
its full strength by 37 kbar. This is consistent with the
earlier data shown, and this change has been discussed.
Clearly visible in these data however is a shoulder or
broad bump to the right of the 0 1 0 peak. We interpret
this as an asymmetric peak shape of the 0 1 0 due to
2D-like magnetic ordering, as previously discussed in the
context of the ambient pressure data in Fig. 3. This sug-
gests the crystal, while gaining stronger inter-planar in-
teractions and moving towards three-dimensionality, still
maintains a quasi-2D character at these pressures.
At the highest pressures, within the HP-II trigonal
structural phase and following metallisation, we observe
another change in the magnetic ordering of FePS3. Fig.
6 shows the neutron diffraction patterns at room tem-
perature and at 80 K for 183 kbar, the highest pressure
measured. At this point the data show a broad hump
or feature at low Q typical of some kind of short-range
magnetic order. This feature is reduced in magnitude
upon increasing temperature, but is not suppressed com-
pletely upon reaching room temperature. Extrapolating
the data taken while slowly warming would suggest ex-
tinction of this feature at 360 K, though due to the long
count times required to gain reliable statistics at this
point, there is a high degree of uncertainty on this predic-
tion. Certainly whatever magnetic ordering this feature
represents persists above room temperature. Additional
peaks or features are also potentially seen at around 34.5°
and 39°, but without sufficient quality of statistics in the
data to be certain as to a temperature dependence. These
cannot be indexed with any reasonable magnetic vector
in the HP-II cell - but neither can the large hump feature
at low Q.
In order to characterise the broad SRO feature seen
at the highest pressures we carried out reverse Monte
Carlo (RMC) refinements of spin configurations and fit-
ted the results to the data. The calculations were car-
ried out in the Spinvert program [52, 53]. The data
used were the result of subtracting the room tempera-
ture data at 183 kbar from the 80 K data. The fits were
restricted to the Q region 0.56-1.50 A˚−1 to capture only
7Figure 6. Powder neutron diffraction patterns of FePS3 at 183 kbar at 80 K and 300 K taken on D20, ILL. Peaks originating
from the sintered diamond anvils are marked in orange. Nuclear Bragg peaks are marked as indexed in the trigonal HP-II
phase. Broad temperature-dependent features indicative of short-range magnetic order are labeled in green. In dark orange are
marked the positions the magnetic order peaks which would be described by (0 1 0) and (0 1 1
2
) in the monoclinic symmetry of
the HP-I phase for ease of comparison to earlier figures. These same magnetic structures will of course have different indexing
in the trigonal symmetry, but the d-spacings remain as shown. Inset shows the result of subtracting the 300 K data from the
80 K plotted against Q - the SRO feature grows as temperature is decreased. The black solid line through these data shows
the fit to this feature described in the text.
the SRO feature and avoid the Bragg peaks and the arte-
facts of the pressure cell background. The temperature-
subtracted data and fit are shown in the inset of Fig. 6
- good agreement is found over this range of Q. From
this RMC fit, the spin correlation function could be ex-
tracted, < S(0) · S(r) >, which quantifies the extent of
ordering between a magnetic site and each of its neigh-
bours - shown in Fig. 7. These values are normalised
such that perfect ferromagnetic correlations would give
a value of 1, and perfect antiferromagnetic -1. A value
of 0 implies no net correlation between the two sites, a
complete lack of order over that length scale. We plot the
first few unit cells’ worth of correlation values extracted
from the simulated spin arrangements; they die off to
near-zero over the length shown as the order is short-
ranged. As the figure shows, the spin correlations found
are predominantly antiferromagnetic, except for ferro-
magnetic nearest-neighbour interactions. This appears
remarkably similar to the ambient pressure (0 1 12 ) or-
der (note that interplanar correlations are antiferromag-
netic) - but a short-ranged and disordered version of that
ferromagnetic-chain arrangement. The simulated corre-
lation values for such ideal long-range zigzag order with
antiferromagnetic interplanar correlations are shown in
the inset of this figure for comparison. Note that this
magnetic order would be indexed as (0 1 12 ) in the mon-
oclinic structural phases, but is indexed as (0 12
1
2 ) in
the trigonal HP-II structure found at this pressure. This
means that the interplanar order and correlations have
gone from antiferromagnetic in the ambient state, to fer-
romagnetic in the HP-I phase, and then back to antifer-
romagnetic in the HP-II crystal structure. As exchange
is weak between the crystal planes, even small changes
in the crystalline environment can flip the sign of the
interplanar exhange integrals in this system.
Normalizing the data using the nuclear Bragg profile
for this fitting process additionally yields a resulting ef-
fective magnetic moment of 6.6 µB per Fe ion, close to the
ambient value of 5.7 µB [54] within the sizable errors un-
avoidable in using this technique on high-pressure data.
The uncertainties are complex and difficult to quantity
exactly, as they are contributed to by imperfect back-
ground subtraction and absorption effects, but we esti-
mate a 20% error on the moment value. Additionally, as
the SRO is still present at 300 K, the temperature sub-
traction will have underestimated the magnitude of the
feature - the true extracted moment we estimate to be
even larger. We also note that additional details of the
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RMC results beyond those shown in Fig. 7 indicate that
moment orientations have become far more isotropic at
high pressure.
The observation of persisting magnetism, with a
similar-magnitude moment, well into the HP-II phase is
in disagreement with the x-ray emission spectroscopy re-
sults of Wang et al. [40], who report a spin crossover
to an S = 0 state at metallisation. The temperature
dependence of the broad peak we observe in the high-
pressure neutron data, and the fit results, preclude any
origin other than magnetism for this feature - we do not
observe a collapse of the Fe spin configuration, in appar-
ent contradiction with Wang et al.’s findings, as well as
some theoretical predictions, such as those of Zheng et
al., [55]. However, as outlined in Refs [56, 57], the x-
ray spectra of the Kβ FeIIpeak are dependent not only
on the ionic spin state, but also heavily on the local en-
vironment, geometry and surrounding bonds - including
changes from insulating to metallic band structures. Fur-
ther limits to the extraction of local moment from peak
splitting as in this case are discussed in Ref [58] - specif-
ically it is only valid when the charge-transfer satellite
is negligible. As the HP-I to HP-II transition entails
not only an insulator-metal transition but also a signifi-
cant shift in the crystal structure, local environment and
dimensionality for the Fe ions, the change in the x-ray
spectra seen by Wang et al. can potentially be explained
by these effects, rather then a loss of spin and atomic
magnetic moment - consistent with our observation of
magnetism in the high-pressure phase.
We additionally note that an unchanged local moment
on the Fe site would imply no valence or electron sharing
changes on the Fe ions, and precludes any mixtures of
high and low spin domains or fractional occupancy. It
then seems likely that another ionic site is responsible
for the metallic conduction - almost certainly the P sites.
Phosphorus-phosphorus distances between the planes be-
come significantly, abruptly, shorter in the HP-I to HP-II
transition [35] to the point of reaching the typical length
of a P-P bond. Formations of such bonds and hence va-
lence changes and carrier donation from the P, rather
than the Fe sites would seem a plausible explanation for
a transition from insulating to metallic behaviour, while
maintaining Fe local moments. This is in agreement with
the findings in the recent theoretical treatment of the
insulator-metal transition by Evarestov and Kuzmin [59]
which conclude that indeed phosphorus atoms are the
main contributors to the conduction.
To summarise, Fig. 8 displays the evolution of the
principal magnetic features with pressure. Fig. 8a plots
against d-spacing the diffraction patterns in the vicinity
of the magnetic peaks, normalised and with their verti-
cal axis offset set to their corresponding pressure values.
Two changes are clear - at first the broad, asymmetric
2D-like peak spanning 0 1 0 and 0 1 12 sharpens into a
single, sharper, 3D-like Bragg peak at the 0 1 0 posi-
tion. At higher pressures, this peak is suppressed, and a
broad feature emerges at a lower d-spacing. The heatmap
shown in Fig. 8b clearly shows these two changes in be-
haviour. The broad short-range-order feature at high Q
which emerges above around 130 kbar is seen to coexist
for a time with the 0 1 0 peak, one growing as the other
is suppressed. This could, however, be due to pressure
gradients and inhomogeneities within the sample region
- a fraction of the sample may remain at an effective
pressure below a transition the bulk has passed through.
As the HP-I to HP-II structural transition is of strongly
first-order character, if this change in magnetic order ac-
companies this transition one would expect it to be cor-
respondingly abrupt.
DISCUSSION
We have measured the evolution of magnetic structure
in Mott-insulating 2D honeycomb antiferromagnet FePS3
up to 183 kbar using neutron powder diffraction and con-
structed the full pressure-temperature magnetic phase di-
agram, which corresponds well with previous structural
studies. These results, the first of their kind, are likely
to form the textbook example of dimensional tuning of
magnetism in the crucial TMPS3 systems and to lead to
better understanding of the novel insulator-metal tran-
sitions and states in these compounds. Knowledge of
the precise structure and the magnetic order is addition-
ally essential for informing theoretical and computational
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Figure 8. a) Magnetic peaks and features at 80 K for pres-
sure points taken in sintered diamond cell on D20, ILL. The
data have been normalised and their vertical intercept set to
their corresponding pressure values. The pressure-dependent
d-spacings of the 0 1 0 and 0 1 1
2
magnetic peak positions, ex-
trapolated from the lattice parameters previously found for
each pressure and indexed in the monoclinic space group, are
shown as dashed and dotted lines. b) Heatmap of magnetic
peaks at 80 K for sintered diamond pressures - colour repre-
sents normalised intensity. At ambient pressure the magnetic
order is characterised by an asymmetric feature of both 0 1 0
and 0 1 1
2
contributions. This then sharpens into a sharp 0 1 0
peak only by 20 kbar. The HP-I to HP-II structural transi-
tion can be seen around 150 kbar, which alters the magnetic
state into a broad feature at higher Q which persists above
room temperature.
studies of such materials. Beyond even this rich fam-
ily of compounds, this work forms a fundamental study
of the evolution of low-dimensional magnetism and the
formation of exotic short-range ordered spin states in a
near-ideal model system.
Two changes in behaviour were observed. Initially, the
ambient pressure magnetic order (antiferromagnetic in-
terplanar coupling with strong 2D character) is switched
to a ferromagnetic interplanar interaction, with fully 3D-
like sharp Bragg peaks. The in-plane structure of ferro-
magnetic chains, antiferromagnetically coupled, is seem-
ingly preserved - leading to overall antiferromagnetic or-
der. The Ne´el temperature was found through high-
pressure DC magnetometry as well as neutron diffrac-
tion to increase roughly linearly with pressure, by 36 K
over 100 kbar, with a change in slope at the first struc-
tural transition. These observations are consistent with
the increased interplanar exchange expected as the crys-
tal planes are forced closer together and the structure
pushed into the HP-I phase.
The second change to the magnetism is a gradual sup-
pression of this (0 1 0) order accompanied by an emer-
gence of magnetic short-range order, with a transition or
cutoff temperature seemingly above 300 K. This is indi-
cated by a broad, roughly symmetric feature appearing
at low Q with strong temperature dependence. Reverse
Monte Carlo fitting suggests this phase to be a short-
ranged version of the original ambient pressure structure
- with a return to antiferromagnetic interplanar correla-
tions. This short-range order in the HP-II structure indi-
cates frustration of the magnetism. This will result from
competition in magnetic exchange and from the details
of anisotropy on magnetic sites. The RMC fits suggest
that the moments change direction considerably and be-
come more isotropic, indicating that pressure and struc-
tural changes are having a significant effect on the crystal
fields, and on the anisotropy.
The crossover to this short-range order state coincides
with the previously observed HP-I to HP-II first-order
structural transition and the corresponding insulator-
metal transition in this material. The persistence of
magnetism well into the HP-II metallic state is an ob-
servation in apparent contradiction with previous x-ray
spectroscopy results which suggest a spin-crossover. We
explain this discrepancy by suggesting the change in x-
ray emission spectra to be due to the dramatic changes
to the local environment of the Fe ion through the HP-
I to HP-II transition and metallisation, rather than a
loss of spin state. Additionally, a transition to metal-
lic behaviour would imply a change in character of any
magnetism to a more itinerant nature - it is not trivial
to connect the observed change to SRO to this expecta-
tion. More microscopic details of this SRO state and its
impact on properties such as electrical transport await
future investigation - it is in fact possible that the high-
pressure superconducting state in sister material FePSe3
borders a similar magnetic phase.
CONCLUSIONS
We have suceeded in mapping out the pressure-
temperature magnetic phase diagram of van-der-Waals
honeycomb antiferromagnet FePS3: the first such study
in the highly-scrutinised TMPX3 materials. We find an
intial flip and continuous strengthening in the interpla-
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nar exchange, which we discuss in terms of the previously
observed shear structural transition in these materials at
low pressures and a tuning from 2D to 3D character. The
susceptibility of the material to this change in the mag-
netism - mechanical grinding of the powder is seemingly
enough to instigate it to some degree - is crucial infor-
mation for designers of few-layer devices and heterostruc-
tures seeking to incorporate the magnetic properties of
TMPX3, where strains and shear stresses are unavoid-
able. At higher pressures, where the material undergoes
a collapse of the van-der-Waals gap and metallisation, we
observe a loss of long-range magnetic order and the emer-
gence of a short-range-ordered magnetic state in its place,
which survives to much higher temperatures. This is
counter to the previously-suggested collapse of the mag-
netic moment and hugely important information to aid
in understanding both the nature of the exotic metallic
state found in this region of the phase diagram and poten-
tially the formation of unconventional superconductivity
at higher pressures.
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